Introduction
Many variations of capillary electrophoresis (CE)-based separations of microbes have been reported [1] [2] [3] [4] [5] along with their attendant challenges. In particular, poor discrimination amongst types of bacteria, the appearance of multiple peaks for single species mainly due to aggregate formation, and low sensitivity detection due to non-selective labeling and the innately poor photophysical response of bacteria have been frequently cited. [1] [2] [3] [4] [5] To obtain single peaks for each different type of bacteria with high sensitivity, we have reported a new focusing and separation technique for gram-positive bacteria, named "polymer-enhanced capillary transient isotachophoresis" (PectI), which employs a unique boronic acid functionalized squarylium dye (SQ-BA) as an on-capillary fluorescent labeling agent. 6 In this system, the bacteria were stacked into a narrow band based on an isotachophoresis mechanism. Subsequently, the bacteria were separated by capillary zone electrophoresis (CZE) in the presence of PEO in the separation buffer after (transiently) mixing leading and terminal zones. The role of PEO in the PectI system is believed to retain the zone of bacteria to form a large aggregate in a single peak after focusing by the transient ITP process during CZE separation.
The SQ-BA molecule, which was designed to selectively react with sugar-rich substances via cis-diol cyclic esterification involving the boronic acid moiety of the dye, showed good performance in PectI-LIF as an on-capillary labeling agent for gram-positive bacteria possessing sugar-rich cell surfaces, resulting in high-sensitivity detection (reaching a detection limit of three bacterial cells) with no staining procedure required. 6 However, in order to assess and extend the utility of this new method, we undertook a more complete characterization of its features, including: a comparison of the quantitative capability of batch solution fluorometry, CE-LIF and PectI-LIF determinations of the bacteria-SQ-BA complex; examinations of interferences from growth or culturing media in real samples; and the effect of borate as a complexing agent in the separation buffer on the migration of bacteria. Such knowledge is important for the establishment of any new CE methodology, and specifically for improving the PectI system as it is applied to the determination of the same genus gram-positive bacteria, Bacillus globigii (Bg) and Bacillus subtilis (Bs).
Experimental

Reagents and chemicals
The labeling agent, SQ-BA, was synthesized, and its 20 μM stock solution was prepared as reported previously. 6, 7 All stock solutions of carbonate (Fisher Scientific, NJ) as well as borate, PEO 600000, glycine, and tris(hydroxymethyl)-aminomethane (Tris) (Sigma-Aldrich) were prepared by dissolving appropriate amounts of analytical-grade reagents in ultrapure water to the desired concentrations (0.1 -1.0 M). Gram-positive bacteria samples of Bg (1.7 × 10 8 colony forming units (cfu)/mg) as dried powder, and Bs in aqueous solution 8 were kindly provided by S3I, LLC and Wake Forest University, respectively. Bacterial samples were prepared by suspending an appropriate mass of crude microbes in ultrapure water, followed by four replicates of a centrifugation (10 krpm for 10 min)-resuspension procedure to remove excess broth and its constituent materials before the sample was analyzed. Notes Apparatus A Beckman Coulter P/ACE MDQ CE setup equipped with a LIF detector module, a 655 nm emission band-pass filter, and a 635 nm diode laser module of 2.5 mW (Oz Optics, ON, Canada) was employed. Bare fused-silica capillary (75 mm i.d. × 361 mm o.d. × 60 cm total length × 50 cm effective capillary length (Polymicro Technologies, Phoenix, AZ)) was also employed.
Procedure
New fused-silica capillaries were conditioned with 1 M sodium hydroxide for 20 min, followed by deionized water for 20 min with 50 mbar pressure before first use. Between each run, the capillary was flushed sequentially with 0.1 M NaOH (1 min), water (1 min), and a separation buffer (2 min). The typical separation buffer consisted of 0.1 M carbonate (pH 10.0) with 1 μM SQ-BA. For PectI-LIF, the sample was prepared in a buffer solution (consisting of 3.2 -50 mM Tris-glycine at pH 8.9 with 0.0125% PEO 600000). Bacteria samples were vortexed for 1 min immediately prior to injection. Samples were injected by pressure at 2 psi × 5 s or 0.4 psi × 5 s. A separation voltage of 20 kV was applied, and the capillary temperature was held constant at 298 K.
Results and Discussion
Comparison of quantitative performance and an application of PectI to a real sample
Mixing SQ-BA with Bg samples showed substantial emission enhancement in batch solutions, 7 resulting in a linear dependence of the emission intensity on the Bg concentration in the concentration range of 0 -1.0 × 10 7 cfu/mL (data not shown) with a very good correlation coefficient, R 2 = 0.996 (N = 7), which indicates that SQ-BA reacts quantitatively with Bg. The limit of detection (LOD) based on 3σ of the blank was determined to be 1.0 × 10 5 cfu/mL (corresponding to 2.0 × 10 5 cells in the 2 mL volume contained by the 1 cm cuvette).
In CE-LIF experiments, many large spike-like peaks due to Bg were obtained, yielding irreproducible detection patterns for replicate runs (data not shown); however, the sum of the peak areas was very reproducible with a run-to-run standard deviation of 3.16% (N = 5). 6 A calibration curve for Bg showed a linear response for the summation of peak areas over the range from 3.4 × 10 5 to 3.4 × 10 8 cfu/mL Bg spores, with a high correlation coefficient (R2 = 0.998). These good statistical parameters suggest reliable detection of gram-positive bacteria by means of on-column labeling with the SQ-BA dye, even when multiple peaks are the result in the electropherogram. The LOD (based on 3σ of the area of the blank sample) was 3.1 × 10 5 cfu/mL (corresponding to about 30 cells per injection), which is comparable to the LOD obtained in a batch solution, but it is substantially superior in terms of the absolute number of bacteria observable. On the other hand, the PectI-LIF method for Bg samples yielded a sharp single peak, with an LOD of 3.2 × 10 4 cfu/mL, as reported previously. 6 The LOD of PectI-LIF is ten-fold lower than that of CZE-LIF and batch detection. This is possibly due to the effect of tITP resulting in the "collapse" of all dispersed bacteria of a single type into a single zone.
A crude Bg sample containing broth of an unspecified composition was compared with a purified sample to determine the suitability of the PectI-LIF system to "real world" samples. Electropherograms (Fig. 1) for crude and purified Bg samples (each of concentration, 3.4 × 10 7 cfu/mL) were almost identical, even at the level of the baseline noise (see inset of Fig. 1) . The difference in the peak height resulting from the two samples was within 1%. No peaks for the culture broth or the growth nutrients were observed. Previous work employing a 488 nm laser for LIF excitation resulted in a report of serious interference from organic substances in the culture broth, 9 whereas the longer wavelength excitation at 635 nm in the present system is useful for reducing any interference effects in real-world samples. This result indicates that the PectI-LIF system with SQ-BA is robust even in the presence of low-molecular weight sample contaminants, such as minerals and organic matter.
Effect of borate on the separation of bacteria by PectI-LIF
In our previous report, 6 it was found that the addition of borate in the separation buffer was effective for the separation of bacteria, Bg and Saccharomyces cerevisiae (Sc). Without the borate, the two types of bacteria co-eluted as a single peak, indicating that the bacteria had similar zeta potentials and charges, which are important factors to determine the electrophoretic mobility of a colloidal soft particle. 10, 11 This result suggests that the addition of borate to the separation buffer gives different effective charges, i.e. zeta potentials, for different bacteria via cis-diol esterification. Figure 2 shows the result of a PectI-LIF analysis of the mixture of Bg and Bs with the same separation buffer composition as in our previous work (10 mM carbonate, 1 mM borate (pH 10.36), [SQ-BA] = 1 mM, 0.0125% PEO 600000). Some peak splitting was observed for a simple Bs sample (Fig. 2a) , and for the mixed sample with Bg added (Fig. 2b) . In contrast to this result, Bs bacteria were Purified Bg samples were prepared by repeated suspension and centrifugation (10 krpm for 10 min) to remove excess broth and its constituent materials (see the Experimental section). Inset: expanded view of the bacteria peak to illustrate details in the baseline. concentrated into a single peak regardless of the injection volume when borate was excluded from the buffer system (data not shown). These results imply that Bs interacts with borate through cis-diol esterification in a different way than does Bg. Additionally, Haugg et al. pointed out that similar types of bacteria can form co-aggregates in a single zone, 12 and so Bg and Bs probably form different co-aggregate particles to give a complex splitting pattern. However, a complete separation of Bg and Bs was successfully obtained when using a separation buffer without borate (Fig. 3 ). In this case, the order of migration between Bg and Bs was reversed compared to that in the presence of borate (see Figs. 2 and 3) . These results again suggest that the effect of borate on both the separation of bacteria and the preservation of single peaks (with no splitting) greatly depends on the type of bacteria, even within the same genus. This effect might be a reflection of the surface state of the bacteria including the peptidoglycan layer and sugar chains. Hence, the different effects of borate on bacterial separations imply a difference between homogeneous and heterogeneous states of the cell surfaces to give rise to different zeta potentials. 11 This, in turn, implies that differences in the cell surfaces, such as sugar chains and proteins, may be seen as the key to controlling the mobility of bacteria for their mutual separation. 
